Abstract. The population-vector analysis was applied to visualize neuronal processes of sensory-tomotor transformation in the prefrontal cortex while two monkeys performed two types of oculomotor delayed-response (ODR) tasks. In a standard ODR task, monkeys were required to make a quick eye movement to where the visual cue had been presented 3 s before, whereas in R-ODR task, monkeys were required to make an eye movement 90 • clockwise to the direction that the visual cue had been presented. In both tasks, directions of population vectors calculated from cue-and response-period activity were almost the same as cue directions and saccade directions, respectively, indicating that population vectors of cue-and response-period activity represent information of visual inputs and motor outputs, respectively. To visualize neuronal processes of information transformation, population vectors were calculated every 250 ms during a whole trial. In ODR task, population vectors were directed the same direction as the cue direction during the delay period. However, in R-ODR task, population vector rotated gradually from the direction similar to the cue direction to the saccade direction during the delay period. These results indicate that visual-to-motor transformation occurs during the delay period and that this process can be visualized by the population-vector analysis.
Introduction
Working memory is a mechanism for temporary active storage of necessary information as well as for processing stored information to perform such cognitive activities as thinking, reasoning, and decision making [1] . The prefrontal (PF) cortex has been known to participate in working memory [2, 12, 13] . Neurophysiological experiments have revealed that a tonic activation ('delay-period activity') is observed in many PF neurons during an imposed waiting period (the delay period) between the presentation of the visual cue and the motor performance [3, 7, 13, 14] and that this activity is a neuronal correlate of the mechanism for temporary storage of information [2, 8, 12, 13] . In addition, the experiments used pro-and anti-saccade tasks and conditional position discrimination tasks revealed that most (about 80%) of delay-period activity encodes information for sensory inputs (e.g., the location of the visual cue) whereas the remaining (20%) encodes information for motor outputs (e.g., the direction of the eye movement or the arm reaching movement) [6, 15, 17] , suggesting that transformation from sensory information to motor outputs is performed in the PF cortex [2, 17] . However, it is not yet known how PF neurons perform such transformation. Since the neuronal mechanism for processing and manipulating temporary stored information is an important subject to understand working memory processes, a neuronal mechanism related to the transformation from sensory information to motor output could be an ideal model to examine processing and manipulating processes of stored information.
In the present experiment, we tried to visualize neuronal processes of transformation from sensory inputs to motor outputs in the PF cortex. We applied the population-vector analysis developed by Georgopoulos et al. [9, 11] for this purpose. The neuronal population vector has been shown to be a useful method for visualizing and identifying internal operations of cognitive tasks such as mental rotation processes [10, 16] . We calculated population vectors using single-neuron activities recorded from the PF cortex while monkeys performed two types of oculomotor delayed-response tasks (ODR and R-ODR tasks). In the ODR task, monkeys were required to make a quick eye movement to where the visual cue had been presented 3 s before, whereas in the R-ODR task, monkeys were required to make an eye movement 90
• clockwise to the direction that the visual cue had been presented. In the R-ODR task, the transformation from visual input to motor output is necessary to perform correct eye movements. The present results indicate that transformation from visual inputs to motor outputs occurs during the delay period in the PF cortex and that this process can be visualized by the expression of population vectors.
Subjects and Behavioral Tasks
Two rhesus monkeys were used as subjects. All experiments were conducted according to the NIH (USA) Guideline for animal experiments, and were approved by the Animal Research Committee at Faculty of Integrated Human Studies, Kyoto University. During training and recording sessions, the monkey sat in a primate chair in a dark room and his head was fixed by a head restraining instrument. The monkey faced a 21-in. color monitor, on which a fixation point and visual cues were presented. Monkey's eye positions were monitored by a magnetic search coil technique. Two laboratory computers controlled monkey's behavior, presented visual stimuli on the monitor, recorded neuronal activities, and monitored eye movements.
Two types of oculomotor delayed-response (ODR) tasks were used in this experiment. In a standard ODR task ( Figure 1A, left) , the monkey was required to make a saccade to the location where the cue had been presented after the 3 s delay. After a 3 s intertrial interval (ITI), a fixation point (FP) (a white filled circle) was appeared at the center of the monitor. If the monkey looked at FP and maintained gazing at FP for 1 s (the fixation period), a visual cue (a white filled
